Grapevine (Vitis vinifera L.), with important nutritional values and health benefits, is one of the most economically fruit crop worldwide. In the present study, real-time quantitative polymerase chain reaction (qRT-PCR) and microRNA rapid amplification of cDNA ends (miR-RACE) techniques were used to characterize the expression and diversification patterns of various grapevine microRNAs (Vv-miRNAs) and their family members in grapevine. Based on our results, eight different grapevine miRNAs (miR159, miR164, miR167, miR172, miR319, miR393, miR396, and miR398) and their family members were expressed in different tissues at various developmental stages. The qRT-PCR results showed that the expression levels of Vv-miRNAs during grapevine development were dynamic. Furthermore, based on miR-RACE analysis and polymerase chain reaction (PCR) product sequencing results, different members within the same miRNA family were also expressed at different levels. Comparing the spatiotemporal expression levels of different members in the same miRNA family indicated that some miRNA families might have a key miRNA member that played the prominent role in regulation of their subsequent common target genes. In conclusion, our results showed that miR-RACE is a powerful technique to analyze the expression patterns of different members in the same miRNA family in terms of reverse-transcription (RT) efficiency and specificity. The findings of the expression diversification among Vv-miRNA family members and the existence of some Vv-miRNAs playing the key role could add to our understanding about the regulatory role of miRNAs in grapevine.
precise regulatory mechanisms remain elusive for further investigations. An increasing number of studies show that subsets of miRNAs are expressed in a specific tissue pattern and sometimes only during certain developmental stages. It has been demonstrated that miRNAs play pivotal roles dependent on the special tissue type and the cellular environment where they are expressed (Suh et al., 2004; Sun et al., 2011) . Since the concrete function of most miRNAs has not been determined yet, enormous efforts have been made to elucidate miRNA functions and regulatory mechanism in recent years.
Previous reports demonstrate that rapid and dynamic changes in miRNAs may contribute to cellular developmental functions Jagadeeswaran et al., 2010; Schack et al., 2011) . For example, miRNA expression during T cell development is highly changed and this change trend is likely to be fundamental for controlling the transcriptional and proteomic landscape during T-cell development (Neilson et al., 2007; Kirigin et al., 2012) . In plants, it has been reported that miRNAs sequences and expression modes show rapid and dynamic changes during ovule and fiber development in allotetraploid cotton (Gossypium hirsutum L.) (Pang et al., 2009 ). These results suggest that the different members of one miRNA family may regulate the same target gene and different regulation modes of miRNAs are critical for appropriate function of miRNAs during the cellular developmental stages. Based on previous reports, many miRNAs belong to some multigene families of which the members are different in sequence from single to several nucleotides. Although it has been reported that members of a miRNA family could have functional redundancy, the function and expression patterns of the different plant miRNA members had shown dissimilarities (Velasco et al., 2007; Wang et al., 2014) . Studies on the functions of different miRNA members of the same family seemed to be very important in illustrating their roles in plant growth and development, for which the analysis of the expression patterns of the miRNA members is necessary. Notably, little is known about the expression or function of members within the same miRNA family in grapevine.
Grapevine is one of the most nutritious and economically important fruit crop worldwide (Sun et al., 2012) . Grapevine also plays an important role in ensuring a healthy and active life due to their high nutrient content and health benefits. At present, grapevine is also used as an important plant material for molecular studies since it is the first fruit crop whose entire genome has been sequenced (Jaillon et al., 2007) , and it has the highest number of expressed sequence tags (ESTs) released publically among fruit crops. Currently, several studies showed that most grapevine miRNAs belonged to a multigene family and they were only different in one to several nucleotides among different members (Pantaleo et al., 2010; Wang et al., 2011a Wang et al., ,b, 2012 . Therefore, detection of the expression diversification and individuation among different Vv-miRNA family members is critical to understand miRNAs' function during grapevine development. At present, miR-RACE seemed to be the preferable technology to discover the expression patterns in that it can determine the precise sequences of the miRNA members in the PCR products, and it is a technology that combines the strategies of a miRNA-enriched library preparation, 5 RACE and 3 RACE reactions, and sequence-directed cloning. The efficiency of miR-RACE has been successfully used in earlier studies on the identification of precise miRNA sequences in several fruit crops (Song et al., 2010; Yu et al., 2011; Wang et al., 2012; Zhang et al. 2012) . By counting the frequencies of each member miRNA sequence in the total of the miR-RACE PCR amplified products, the relative expression levels of these miRNAs member can be acquired, which makes miR-RACE a preferable technique for studying the expression profiles of different miRNA members of a family.
In this study, miR-RACE and qRT-PCR technologies were used to identify and analyze the expression modes of Vv-miRNAs and the different members within the same Vv-miRNA family. Eight Vv-miRNA families were identified by qRT-PCR as tissue-specific and development-stage-specific miRNAs, and the expression patterns of the different members within each Vv-miRNA family showed some differences, suggesting that the regulatory role of Vv-miRNA expression was a profound and complex mechanism. This study will be helpful to further elucidate the expression-regulatory mechanisms of miRNA and their family members during grapevine development.
Materials and Methods

Plant Material
Plant materials were sampled at the different developmental stages with respect to their growth period. Young leaves at 20 d after emergence, mature leaves (50 d), inflorescences (10 d after anthesis), flowers (fully open), young berries (0.5 cm diameter), large berries (1.5 cm diameter) were collected during the summer of 2012 from 4-yr-old table grapevine 'Summer Black' grown under standard grapevine cultivation conditions at the Fruit Experimental Farm, Nanjing Agricultural University, Nanjing, China. After collection, all the samples were immediately frozen in liquid nitrogen and stored at −80C until use.
Low-Molecular RNA Extraction
Total RNA was isolated from 200 mg of the selected plant tissues using the hexadecyltrimethyl ammonium bromide (CTAB) method (Chang et al., 1993) , and 4 M LiCl was used to separate low-and high-molecular-weight RNAs followed by procedures as reported in Song et al. (2009) . The low-molecular-weight RNA fraction was then dissolved in 30 mL of RNase-free water and the concentration of the RNA samples was measured by UV-1800 spectrophotometer (Shimadzu) and visually ascertained in a 2.5% agarose gel.
Construction and Screening of Complementary DNA Libraries of Small RNAs
Small RNAs were polyadenylated at 37C for 60 min in a 50 L reaction mixture with 1.5 µg of total RNA, 1 mM adenosine triphosphate (ATP), 2.5 mM MgCl 2 , and 4 U poly(A) polymerase (Ambion). Poly(A)-tailed small RNA was recovered by phenol-chloroform extraction and ethanol precipitation. The 5 adaptor (5-CGACUGGAG CACGAGGACACUGACAUGGACUGAAGGAGUAGA AA-3) was ligated to the poly(A)-tailed RNA using T4 RNA ligase (Invitrogen), and the ligation products recovered by phenol-chloroform extraction followed by ethanol precipitation. Reverse transcription was performed using 1.5 µg of small RNA and 1 µg of (dT)30 RT primer [ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30 (A, G or C) (A, G, C, or T)] with 200 U of SuperScript III reverse transcriptase (Invitrogen). Poly(A)-tailed small RNA (10 L total volume) was incubated with 1 L of (dT)30 RT primer and 1L dNTP mix (10 mM each) at 65C for 5 min to remove any RNA secondary structures. The reactions were chilled on ice, at least for 2 min, then the remaining reagents (5 buffers, dithiothreitol [DTT] , RNase out, SuperScript III) were added as specified in the SuperScript III manual, and the reaction left to proceed for 60 min at 50C. Finally, the reverse transcriptase was inactivated by incubation for 15 min at 70C (Lewis et al., 2005; Song et al., 2009 ).
Construction of Complementary DNA Libraries of High-Molecular-Weight RNA
High-molecular-weight (HMW) RNA were polyadenylated at 37C for 60 min in a 50 L reaction mixture comprised of 5 µg of HMW RNAs, 1 mM ATP, 2.5 mM MgCl 2 , 5 mM 5 buffer and 8U poly(A) polymerase (Ambion), and HMW RNAs were ligated to a 5 adaptor (5-CGACUGGAGCACGAGGACACUGACAUG GACUGAAGGA GUAGAAA-3) using T4 RNA ligase (Invitrogen), respectively. Poly(A)-tailed HMW RNA and adaptor-ligated HMW RNA were then recovered by phenol-chloroform extraction followed by ethanol precipitation. Reverse transcription was performed using 5 µg of poly(A)-tailed HMW RNA and adaptor-ligated HMW RNA, respectively, 1 µg of (dT)30 RT primer [ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30 (A, G, or C) (A, G, C, or T)] with 200 U of SuperScript III reverse transcriptase (Invitrogen). Poly(A)-tailed HMW RNA and adaptor-ligated HMW RNA (10 L total volume) were incubated with 1 L of (dT)30 RT primer and 1 L dNTP mix (10 mM each), respectively, at 65C for 5 min to remove any RNA secondary structures. The reactions were chilled on ice at least for 2 min, then the remaining reagents (5 buffers, DTT, RNaseout, SuperScript III) were added as specified in the SuperScript III manual, and the reaction proceeded for 60 min at 50C. Finally, the reverse transcriptase was inactivated by 15 min incubation at 70C.
Real-Time Quantitative Polymerase Chain Reaction of Grapevine MicroRNAs
The template used for qRT-PCR was the miRNAenriched library as mentioned above. The qRT-PCR was performed with the fluorescence quantitative polymerase real-time quantitative PCR (Bio-Rad) and the RotorGene software version 6.1 (Wang et al., 2004) . The SYBRGreen reaction mix (SYBRH Green qRT-PCR Master Mix; TOYOBO) was used in real-time PCR reactions according to the manufacturer's instructions. Each reaction was repeated three times and the template of VvmirRNA amount was corrected by 5.8S rRNAs. The CT values were converted into relative copy numbers using a standard curve (Chen et al., 2005) . The 5.8S rRNA was used as a reference gene in the quantitative polymerase chain reaction (qPCR) detection of miRNAs followed by as reported in Arabidopsis thaliana (L.) Heynh. (Shi and Chiang, 2005) . Data were analyzed with R 2 above 0.998 using the LinRegPCR program (Ramakers et al., 2003) . The quantitative results were used to verify the dynamic changes in miRNAs. The primers were used as mentioned in Supplemental Table S1 .
Real-Time Quantitative Polymerase Chain Reaction of MicroRNA Target Gene Expression
The expression of experimentally verified target genes using qPCR followed the report of Wilson et al. (2005) . The reverse-transcription product was amplified by genespecific primers (Supplemental Table S2 ) that overlapped the known or predicted cleavage site. Reactions were performed in the fluorescence quantitative polymerase real-time qPCR (Bio-Rad). Actin was used as a reference gene in the qPCR in grapevine.
Verification of the Spatial-Temporal Expression Modes of Members of Each Grapevine MicroRNA Family Using MicroRNA Rapid Amplification of Complementary DNA Ends
The cDNA was amplified with the mirRacer 5 primer (5-GGACACTGACATGGACTGAAGGAGTA-3) and the mirRacer 3 primer (5-ATTCTAGAGGCCGAGGCG GCCGACATG-3) to generate a pool of nongene-specific product. The 5 miR-RACE reactions were performed with the mirRacer 5 primer and miRNA-gene-specific forward primers, and 3 miR-RACE reactions were performed with the mirRacer 3 primer and miRNAgene-specific reverse primers (Supplemental Table S3 ), as described by Song et al. (2010) with minor modifications. The 5 RACE and 3 RACE clones with PCR products of about 56 and 87 bp, respectively, were sequenced (Invitrogen). The frequency of each member Vv-miRNA sequence was statistically analyzed as its percentage in the total sequences of the all the PCR-amplified members of the same family. Then the frequencies of all the VvmiRNAs, considered as their relative expression levels, were used for characterization of the dynamic variations of Vv-miRNA expression.
Results
Spatial-Temporal Expression of Grapevine MicroRNAs during Grapevine Development
The stringent tissue-and development-stage-specific expression provides useful information and probability about identifying key molecular regulators in plant growth and development. To study the differential expression patterns of Vv-miRNAs, we performed quantitative PCR analysis on different tissues and developmental stages including young leaves, mature leaves, inflorescences, flowers, young berries, and large berries. Eight different Vv-miRNAs (miR159, miR164, miR167, miR172, miR319, miR393, miR396, and miR398) showed distinct expression signals in some of the analyzed tissues, and their expression patterns were tissue or development-stage specific (Fig. 1) . Dramatic changes in the expression levels were recorded in different tissues and developmental stages of the plant. Among these Vv-miRNAs, the expression of Vv-miR172 in vegetative tissues (leaves) was higher than in reproductive organs (inflorescence, flowers, young berries, and large berries), while Vv-miR159 displayed contradictory expression patterns in that it was expressed at higher level in reproductive organs. The expression of Vv-miR319 and Vv-miR393 in inflorescences and flowers showed about four times higher than leaves and young berries (Fig. 1 ). The expression level of miR398 was higher in leaves and berries, especially in mature leaves and large berries (Fig. 1) . Both Vv-miR164 and Vv-miR396 seemed to be more specific in berries; they showed significantly higher signals in young berries than in mature ones, and their expression levels decreased with maturity and ripening stages. Only Vv-miR167 was expressed at high levels both in leaves and floral organs. Overall, the above qRT-PCR analysis revealed that the relatively stage-specific expression levels of the eight Vv-miRNAs and the dynamic expression patterns, allowing us to conclude that the Vv-miRNAs functions with some spatial-temporal characteristics during grapevine growth and development.
Considering the fact that all the eight Vv-miRNA families studied had two to five members, we questioned whether the expression profiles (Fig. 1) are the result of the total expression of each Vv-miRNA family's members as well as the expression profile of each Vv-miRNA member. 
Dynamic Changes of the Different Members within the Same Grapevine MicroRNA Family during Grapevine Development
To date, there has been no reported efficient technique that can be used to study the expression profiles of different miRNA members of the same family except miR-RACE. Since miR-RACE can determine the precise sequences of miRNAs, especially their two ends, it can be used to identify the sequences and the sequence frequencies of the members in the PCR products of each miRNA family. Based on this, in the present study, miR-RACE was used to analyze the expression levels of different members in the same Vv-miRNA families. The analysis results indicated that miR-RACE was a preferable technique for the study on the expression profiles of different miRNA family members. The expression profiles of these Vv-miRNA individual members were analyzed based on numbers of knocked sequences and at developmental stages.
The expression trends between different Vv-miRNA members by miR-RACE also showed significant tissueor development-stage-specific differences (Table 1) . For example, Vv-miR159a,b was only expressed in the inflorescence (2 times) and flowers (5 times), while Vv-miR159c was expressed 41 times in six analyzed tissues. Similar expression patterns were displayed in Vv-miR172, in that Vv-miR172c was not expressed in mature leaves and large berries and Vv-miR172a,b,d was expressed 37 times in all analyzed tissues (Table 1) . These interesting results could indicate that various members in one Vv-miRNA family had some broad expression patterns during grapevine development. The results also suggested that Vv-miR159c and Vv-miR172a,b,d may play a leading role in the different development stages, and Vv-miR159a,b and Vv-miR172c may only work in the flower-development stages. The frequencies of Vv-miR164a,c,d (18 times) was six-fold compared with Vv-miR164b (3 times) in berries, while there seemed to be no change in the leaf and flower tissues ( Table 1 ). The results suggested that Vv-miR164a,c,d may be more important than Vv-miR164b in berry development. Conformable expression patterns were also seen in Vv-miR167, in which Vv-miR167b,d,e (24 times) displayed higher levels compared to Vv-miR167a (5 times) and Vv-miR167c (7 times) in leaves ( 
Analysis of the Roles of Individual Grapevine MicroRNA Members in Regulation of Target Gene's Expression
Plant miRNAs play key roles in plant life by regulating expression of their target genes at the posttranscription level, mainly through miRNA-mediated cleavage. The spatiotemporal expression profiles of target genes can provide significant information and the needed insight to the roles of miRNAs in the growth and development of grapevine. Usually, the miRNA-mediated cleavage effect is the main function of the active miRNA members of a family with the same target. To verify which miRNA member is working on a target and when a member plays its mediated cleavage role is very important for better understanding the roles of miRNAs, which seemed to be overlooked before.
Considering the fact that the different members of each Vv-miRNA family showed different expression profiles by qRT-PCR and miR-RACE, we analyzed the roles of individual Vv-miRNA members in regulation of target gene's expression (Fig. 2) . Overall, the relationships among expressions of Vv-miRNAs, their family members, and target genes could be grouped into the following three major categories according to the data from qRT-PCR and miR-RACE analysis. The first situation was that the expression of the miRNA family was consistent with that of one member, both in their expression levels and trends. For example, Vv-miR159a,b had low-level expression in flower tissues and no expression in leaves and berries by miR-RACE, while Vv-miR159c had high-level expression in all tissues by miR-RACE. Further, the expression frequency of Vv-miR159c was consistent with Vv-miR159 and contradictory with target genes by the quantitative results ( Fig. 2A) . The similar results were also found in the Vv-miR172 family (Fig. 2B) . The results implied that Vv-miR159c and Vv-miR172a,b,d played the conspicuous regulatory roles during grapevine development. The second mode was that different members of the miRNA family had the key role in different developmental stages. There was no expression of Vv-miR319e in young leaves, suggesting Vv-miR319b,c,f,g might have a key function in young leaves. From young leaves to mature leaves, Vv-miR319e showed positive and negative correlation between Vv-miR319 and target genes, suggesting Vv-miR319e may have a key role in mature leaves (Fig.  2C) . The third mode was that all members of the miRNA family with the different sequences played a common mediated cleavage role. For instance, the variations in members Vv-miR393 (Fig. 2D) and Vv-miR398 (Fig. 2E) families corresponded with Vv-miRNA and target gene expression by the quantitative results. This phenomenon could be attributed to the fact that Vv-miR393 and Vv-miR398 families coparticipated in the regulation of their gene expression.
Discussion
Although miRNAs have been extensively studied during growth and development processes of grapevine, the expression pattern of Vv-miRNAs and their family members is not entirely described. In the present study, we observed highly dynamic changes of miRNAs and their family members by qRT-PCR and miR-RACE in grapevine. The qRT-PCR analysis showed the temporal and spatial patterns of expression that not only can validate the miRNAs predicted in grapevine but can also provide important clues about possible functions of these miRNAs. For example, Vv-miR164, Vv-miR172, and Vv-miR396 were more highly expressed in young berries than in mature berries, indicating the differential expression of these miRNAs. This raised some intriguing possibilities particularly with potential importance of these miRNAs in regulation of fruit maturation. Downregulated during berry maturation, Vv-miR172 targets Apetala 2 (AP2)-like transcription factors, which are regulators of flowering time, organ identity, and vegetative phase change (Lauter et al., 2005) . In grapevine, genes related to AP2 are upregulated at veraison (involved in berry maturation) and are putatively connected with various abiotic and biotic stress resistance conditions (Terrier et al., 2005) . Grapevine miR396 targets endo-1,4--glucanase and MADS-box protein, both being important regulators in fruit ripening and senescence (Elitzur et al., 2010) . In addition, the Vv-miR396 family targets have seven growth-regulating-factor genes that encode genes' putative transcription factors associated with cell expansion in A. thaliana and Oryza sativa L. (Kim et al., 2003; Choi et al., 2004; Jones-Rhoades and Bartel, 2004) . A potential role for Vv-miR396 in the regulation of cell expansion during fruit maturation is an intriguing hypothesis. Intriguingly, Vv-miR164 targets the NAC gene family, which is involved in shoot apical meristem formation and cotyledon separation (Vroemen et al., 2003) . However, NAC protein is strongly but transiently induced around veraison and may suggest another function for NAC-domain transcription factors in grapevine (Terrier et al., 2005) . These observations are relevant with our findings and monitor the dynamic changes in miRNA levels during grapevine development.
However, many miRNAs belong to a multigene family and many plant miRNAs are members of the corresponding families that differ from each other only in a few different nucleotides or single nucleotide in sequences. Conventional qRT-PCR analysis cannot efficiently discriminate among related miRNAs that differences as slight as a single nucleotide (Chen et al., 2005; Li et al., 2009) . Therefore, qRT-PCR data can show the mix results of multiple members of the family. It is important to know the roles and expression patterns of each member of miRNA family. However, miR-RACE can distinguish different sequences of miRNA family and shows the expression pattern of different family members through the sequencing frequencies of PCR-amplified members. For example, the different members of the A. thaliana miR164 family were expressed in distinct patterns during plant development with partial overlaps. The miR164a and miR164b single mutants exhibited no obvious defects in shoot development; while mutation in miR164c caused floral defects that are similar to, but weaker than, those of the miR164a,b,c triple mutant. Thus, miR164c, mainly contributed to the control of flower development than its two sister miRNAs. Because the miR164 families are essentially identical in sequence and have the same target specificities, it is likely that the differences in expression patterns for the individual family members account for their functional diversification (Sieber et al., 2007) . It is probable that miR397a targeted members of the laccase family, whereas another family member, miR397b, displays better complementarily with another gene (At3g60250, a casein kinase). Therefore, a slight change in miRNA sequence may alter its target preferences, distinguishing its role from that of other members of the same family (Sunkar and Zhu, 2004) . These findings suggest that the expression patterns of different members of the miRNA families may determine the precise physiological functions of miRNAs during plant development.
To gain further insight into the expression and functional diversity of miRNA families members in grapevine, additional research is needed to explorer the miRNA-family-specific function, such as investigating the expression patterns of different Vv-miRNA members within the same families in details. Currently, there is no technique reported to efficiently study the expression profiles of different miRNA family members. Conventional qRT-PCR analysis cannot efficiently differentiate the expression level of different family members ) and the expression levels may be a common product of several members. However, miR-RACE has proven to be a powerful method that exactly determines the precise sequences of miRNAs, especially at both ends. Therefore, miR-RACE technology was used to illustrate the spatiotemporal expression mode of different members with the different sequence through the frequency of miRNAs sequences. Our research shows that miR-RACE was a preferable technique for studying the expression profiles of different miRNA family members.
The sequencing results of miR-RACE allowed us to determine the abundance of various miRNA families and even to distinguish different members with the different sequences of a given family from diverse grapevine tissues and development stages. For instance, Vv-miR159a,b had no expression in leaves and berries, while Vv-miR159c was expressed in all analyzed tissues by miR-RACE. Further, the expression pattern of Vv-miR159c by miR-RACE was consistent with Vv-miR159 and contradictory with target genes by the quantitative results ( Fig. 2A) . This result depicted that various members in one family have a very broad range of expression during grapevine development and Vv-miR159c played the conspicuous regulatory roles during grapevine development. The similar result was also found in the Vv-miR172 family (Fig. 2B) c [26 times]) had no significant changes between different family members. The results implied that the different family members from the same family may perform the same tasks during grapevine development. All these findings support the theory that the different expression modes of different members from the same Vv-miRNA families might be one of the reasons for dynamic variations of these Vv-miRNAs families during grapevine development. Some miRNA families might have a key member that acts as the main regulator of the miRNA families in the regulation of their target genes during grapevine development. Even though our system could not detect very low levels of miRNA family members, these results provide direct evidence that the expression levels of miRNA members within the same family were different in grapevine, from which we infer that complex mechanisms may regulate the expression of these members.
Returning to the more global observations of this study, we find that our analyses illustrate the extreme dynamic changes of conserved miRNAs and their family members as well as extensive regulation of miRNAs during grapevine development. All these observations suggest that the role of individual miRNAs and their families' members extends beyond the temporal window of their first expression and continue to play an active role in modulation of gene expression in subsequent developmental stages. Our study contributes deeper insight into different regulation modes of Vv-miRNAs. Further analysis of Vv-miRNA expression and function will lead to a better understanding of the complex genetic regulatory network that controls grapevine development.
